During development of the nervous system, most neuronal populations undergo a process of programmed cell death (for reviews, see Cowan et al., 1984; Oppenheim, 1991) . The most conspicuous consequence of this process is the attainment of an appropriate adjustment between an excess number of initially generated neuronal cells to the precise requirements for adequate connectivity. It is generally considered that redundant neurons die by apoptosis because they do not receive suitable extracellular signals for their survival (e.g., neurotrophic factors) (for reviews, see Barde, 1984; Oppenheim, 1989; Barde, 1994; Davis, 1994; Lindsay et al., 1994) . During the past few years, cell death has been investigated extensively in neuronal cells, but less information is available about the role of programmed cell death during the development of glial cells. Normal cell death has been detected in oligodendrocytes in the developing optic nerve (Barres et al., 1992a,b; Raff et al., 1993) and this death seems to be regulated by trophic factors derived from axons (Barres et al., 1992b; Raff et al., 1993; Barres et al., 1994) . In this case, programmed cell death leads to an accurate matching Recei ved Jan. 29, 1996;  Key words: Schwann cells; apoptosis; peripheral nerves; development; excitotoxicity; P-bungarotoxin; chick embryo between the number of axons and myelinating cells (Barres et al., 1992b) . Astrocytes also undergo programmed cell death during normal development of the rat cerebellum (Krueger et al., 199.5 ). It has long been known that during the development of the peripheral nervous system, Schwann cells send out processes that surround large groups of growing axons, but as maturation occurs, they delimitate progressively smaller axon bundles until each Schwann cell ensheaths a single myelinated axon (Webster et al., 1973; Peters et al., 1976; Bray et al., 1981; Jacobson, 1991) . This process by which myelinated axons become segregated from neighbors does not take place in unmyelinated fibers, in which several axons persistently share the same Schwann cell (Ochoa, 1976) . Adjustment of the linal axon-glia ratio in myelinated fibers involves the death of both redundant axons and Schwann cells (Aguayo et al., 1973; Berthold, 1973; Chu-Wang and Oppenheim, 1978) . Consistent with this, neural crest-derived Schwann cell precursors cannot bc maintained in vitro in the absence of specific putative survival factors contained in neuronal conditioned medium (Jessen et al., 1994) . Furthermore, it has also been reported that fibroblast growth factors (FGFs) and insulin-like growth factors (IGFs) added to the medium rescue 100% of Schwann cell precursors from death (Gavrilovic et al., 1995) . It remains to be demonstrated, however, whether these factors are present in the appropriate location and period of time within developing nerves in vivo. Additionally, it should be taken into account that one of these factors, FGF2, has only a very transient effect (1 d) in rescuing Schwann cells in vitro, as reported by Dong et al. (1995) . Recent data indicate that the /!I forms of Neu differentiation factor (NDF or neuregulins), which are present in developing peripheral sensory and motor neurons, regulate the differentiation and survival of rat Schwann cell precursors by acting through specific NDF receptors (ErbB family) (Marchionni et al., 1993; Dong et al., 199.5; Meyer and Birchmeier, 1995) . Additionally, one member of this gene family, glial growth factor (GGF), prevents axotomy-induced Schwann cell death at the postnatal rat neuromuscular junction in vivo (Trachtenberg and Thompson, 1996) . To investigate further the normal physiological mechanisms that control embryonic Schwann cell differentiation and death, we have employed an avian model in which in viva experiments can be performed.
Here, we report that during chick embryo development, significant numbers of Schwann cells are normally eliminated by apoptosis. In motor nerves, this process occurs during a period roughly coincidental with normally occurring motoneuron death.
Moreover, experimentally induced axonal (sensory or motor) degeneration results in a dramatic increase in Schwann apoptosis, providing in viva evidence for the regulation of Schwann cell survival by axonal-derived signals. This provides a new in vivo experimental paradigm in which the regulation of Schwann cell apoptosis can be investigated.
MATERIALS AND METHODS
Eggs and embyos. Fertilized chicken eggs (Arbor Acres strain) were obtained from a local supplier (COPAGA) and were incubated in a forceddraft, rotating incubator (37.5"C and 60% relative humidity) until the desired experimental age. Drugs, tissue extracts, or conditioned medium was administered through a small window in the shell that exposed the vascularized chorioallantoic membrane (CAM), and they (loo-150 ~1 volumes) were dropped directly onto the CAM. The window was sealed with a piece of 
RESULTS

Normally occurring
Schwann cell death The present results demonstrate for the first time in the chick embryo that during normal development, Schwann cells undergo a period of naturally occurring cell death. In the light microscope, dying Schwann cells can be clearly identified in peripheral nerves as scattered, rounded pyknotic cells intermixed with the more numerous fusiform Schwann cells within peripheral nerve profiles. These pyknotic cells belong to the Schwann cell lineage as indicated by positive lE8 labeling, and they also exhibit positive TUNEL staining (Fig. la) . The relative amount of naturally occurring Schwann cell death was assessed in L3 ventral nerve roots in serially sectioned Nissl-stained preparations at different stages of development. As shown in Figure 2 , pyknotic Schwann cells were absent on E3; the density of dying Schwann cells increases dramatically after E3, showing a biphasic profile with peaks on E5-6 and E8.5, followed by a gradual decrease until E19, when no pyknotic Schwann cells were observed.
NMDA induces excitotoxic motoneuron cell death and Schwann cell apoptosis in ventral nerve roots Spinal cords from E7.5 chick embryos were severely altered after treatment in ovo with 1 mg of NMDA. Although initial changes could be observed as early as 30 min after NMDA application, the pathological reaction reached its peak several hours later. For the purposes of the present investigation, only the changes observed 12 hr after NMDA administration will be described here (Fig.  3a-d) . The most affected areas were located in the ventral and intermediate regions of the gray matter, whereas no damage was apparent in dorsal regions of the gray matter or in the white matter (Fig. 3b) . In the lateral motor column, large motoneurons showed prominent cytopathological changes consisting of cytoplasmic swelling, vacuolization, loss of the Nissl substance, hyperchromatic nuclei, and some degree of cellular loss that especially affect those neurons located medially within the lateral motor nucleus (Fig. 34 . Acute damage was also observed throughout the intermediate gray matter, in which the most conspicuous alteration consists of severe interstitial edema, cellular depletion, and the accumulation of large numbers of pyknotic cells. Although the central canal appears distended, neuroepithelial cells exhibit normal morphology.
In contrast to the severe damage within the spinal cord, dorsal root ganglia (DRG) always appeared normal (Fig. 3~) .
In NMDA-treated spinal cord, large numbers of pyknotic cells were also observed within ventral nerve roots, and to a lesser extent, more distally in the peripheral nerves. By contrast, few pyknotic cells were observed in dorsal nerve roots (Figs. 4a,b, 10 ). Ultrastructurally, motoneurons exhibited conspicuous degenerative changes. The rough endoplasmic reticulum was distended and fragmented into large membrane-bound vesicles that were devoid of attached ribosomes, and mitochondria appeared either swollen or shrunken, with a dark appearance and distended cristae. Nuclear profiles were irregular, and chromatin was clumped into small condensed aggregates. Some cells displayed a dark cytoplasm filled with vacuoles and irregular outlined nuclei with condensed chromatin. Other motoneurons showed a more advanced degree of disruption of cellular morphology displaying rupture of nuclear and plasma membranes and severe organelle alterations (Fig. 5@) . All of these changes are more characteristic of a necrotic versus an apoptotic form of cell death.
To visualize the morphology of ventral and dorsal axons after NMDA treatment, we applied DiI to fixed specimens. This technique allows one to follow long trajectories of peripheral axons and visualize cell bodies of large ventral horn motoneurons and DRG neurons (Fig. 6~) . The most optimal labeling was obtained within 2-3 hr after NMDA treatment (i.e., 150 min). A likely explanation for this is that the excessive damage of axons that occurred later (i.e., 12 hr) after NMDA application probably impairs the ability of DiI to label neurons. DiI-labeled ventral axons from NMDA-treated embryos showed focal swellings and a large number of varicosities (Fig. 6c ) compared with dorsal root axons that showed a normal smooth appearance in continuity with DRG neuron cell bodies (Fig. 6b ). Swellings were seen only rarely in ventral axons from control embryos treated with saline.
Ultrastructural examination of ventral nerve roots after NMDA treatment showed that they are composed of densely packed, small axonal bundles surrounded by immature Schwann cells (Figs. 7a, 8~) . Most of the axons showed degenerative changes in the form of a dark appearance, fragmentation, accumulation of membranous bodies, and often electrodense varicosities (Fig.  7b,c) . Scattered Schwann cells that appeared detached from nerve fascicles displayed ultrastructural features of apoptosis such as extreme chromatin condensation, sometimes in the form of peripheral crescents, and nuclear fragmentation, with an electrodense cytoplasm. Both normal and degenerating axonal profiles were often in close proximity with apoptotic Schwann cells (Fig.  8b,c) . These ultrastructural features of degenerating Schwann cells are similar to those described previously by Chu-Wang and Oppenheim (1978) .
DNA fragmentation is one of the hallmarks for identi@ing the apoptotic process (Gavrielli et al., 1992) . To determine the extent to which apoptosis is present after degeneration induced by NMDA, samples were processed for in situ detection of DNA fragmentation. TUNELpositive labeling was observed in cells located in the ventral roots (Fig. 9b) , whereas very few cells were labeled in the dorsal roots. Labeled cells were also detected in spinal cord intermediate gray matter, but NMDA-injured motoneurons in the lateral motor column were never labeled. A fluorescent TUNEL procedure was used in combination with the specific avian Schwann cell marker lE8 antibody to demonstrate further that the dying cells inside nerve roots belonged to the Schwann cell lineage. As can be seen in Figure  l&c , cells containing fragmented DNA showed a positive lE8 staining. Moreover, by using an immunoperoxidase procedure for the lE8 antibody in association with hematoxylin wunterstaining, we could demonstrate that the pyknotic cells inside nerve roots, which wrrespond to those counted in Nissl-stained sections, were indeed lE8-positive Schwann cells (not shown).
In many cell types, the occurrence of apoptosis requires new protein synthesis, and in these cases (which include chick motoneurons), apoptosis is inhibited in the presence of agents that block protein synthesis (Martin et al., 1988; Oppenheim et al., 1990; Ciutat et al., 1995) . In viva administration of CHX before treatment with NMDA did not alter the toxic effects of NMDA on motoneurons, but did inhibit the appearance of apoptotic cells in the ventral nerve roots (Figs. 9c, 10) . Moreover, the accumulation of pyknotic cells in the intermediate gray matter was also substantially reduced, and CHX also blocked the appearance of TUNELpositive cells in ventral roots and intermediate spinal gray.
To test the ability of soluble factors present in embryonic tissues to prevent Schwann cell apoptosis after NMDA treatment, several chick embryo-derived extracts (MEX, BEX, SCEX) were applied before Schwann cell apoptosis was induced by NMDA. Counts of pyknotic profiles failed to demonstrate any significant reduction of Schwann cell apoptosis after these treatments. Administration of MCM also did not prevent NMDA-induced apoptosis of Schwann cells (Fig. 11) .
P-Bgtx induces cell death in sensory and motor neurons, and Schwann cell apoptosis in dorsal and ventral nerve roots To demonstrate that Schwann cell apoptosis seen after NMDA administration is unrelated to any direct toxic effect of NMDA, June 15, 1996, 76(12):3979-3990 Ciutat et al. l Schwann Cel l ADoptosis i n the Chick Embryo by the toxin; however, the cytological features of dying motoneurons seem to reflect a necrotic form of cell death, because cytoplasmic degeneration and the loss of basophilia associated with fine punctate pyknotic nuclei predominates (Fig.  la) , and the dying motoneurons did not show positive TUNEL staining.
we examined whether other neurotoxic agents that kill neurons by a different mechanism not associated with glutamate receptor overactivation also induce apoptotic Schwann cell death. P-Bgtx fulfills this condition (Lee and Ho, 1980) , and in the chick embryo intramuscular administration of this neurotoxin, it destroys both motoneurons and DRG neurons (Pittman et al., 1978) . We injected 100 ng of P-Bgtx in the ventral muscular masses of the leg on E7. Twelve hours later, a massive accumulation of dying cells was observed inside the DRG (Fig.  1%~) . The most affected cells were the ventrolateral sensory neurons, which also display a TUNEL-positive reaction (not shown). In the LMC, motoneurons also were severely affected
The number of pyknotic Schwann cells was increased substantially in both ventral and dorsal nerve roots as a consequence of P-Bgtx treatment (Fig. 10) . Therefore, neuronal death induces apoptosis in Schwann cells after destruction of peripheral axons by two distinct neurotoxic mechanisms (NMDA and P-Bgtx). 
DISCUSSION Normally occurring Schwann cell death
The naturally occurring programmed cell death of chick embryo Schwann cells was first described by Chu-Wang and Oppenheim (1978) . They observed apoptotic Schwann cells in the lumbar ventral roots during the same period as naturally occurring motoneuron death (E6-12) as well as an apparent increased death of Schwann cells after limb-bud removal (Oppenheim et al., 1978) , and suggested that Schwann cell death may be a response to the loss or absence of axonal-derived survival signals. In the present study, we have confirmed the existence of a normal loss of Schwann cells by apoptosis and have shown that Schwann cell death is increased selectively after neuronal death and loss of axons induced by neurotoxins. A more careful comparison between the developmental profile of normal Schwann cell and motoneuron death in the chick embryo lumbar spinal cord shows that Schwann cell apoptosis exhibits an initial peak 1 or 2 d (E5-6.5) before the number of pyknotic cells in LMC reaches its maximum (E8; Oppenheim et al., 1990) . A possible explanation for this apparent dissociation may be related to some of the initial events occurring in developing nerve roots, including early interactions of growing axons with primitive Schwann cell clusters. These initial steps have been well described in mammalian embryos (Gamble, 1976) . From these data, it can be expected that at least two overlapping waves of physiological Schwann cell death should exist. Initially, growing axons are grouped in fascicles containing undifferentiated Schtiann cells. Because axons probably differ in their opportunity to interact with Schwann cells, some Schwann cells receive little if any axonal-derived signals necessary for their survival. This would initiate the first wave of Schwann cell apoptosis, which is unrelated to motoneuron death. Later, when motoneurons begin to undergo naturally occurring cell death, some motor axons that had interacted previously with Schwann cells degenerate and induce a second wave of Schwann cell apoptosis that would account for the second peak (on ES.5). Although this scheme fits well with the ,developmental profile of programmed Schwann cell death described here, additional detailed studies of Schwann cell death and Schwarm cell-axon interactions during these stages are needed to confirm this hypothesis. Normal death of developing Schwann cells also was reported recently to occur at newborn rat neuromuscular endplates, and axotomy increases this cell loss (Trachtenberg and Thompson, 1996).
Neurotoxin-induced
Schwann cell apoptosis The experiments reported here also demonstrate that spinal cord motoneurons are selectively damaged by administration in ovo of NMDA and that Schwann cells surrounding motor axons subsequently die by apoptosis. The histological pattern of motoneuron injury is similar to excitotoxic lesions that have been described in other neuronal populations after treatment with glutamate receptor agonists (Herndon et al., 1980; Siman and Card, 1988) . This type of injury seems to result from an excessive calcium influx elicited by glutamate receptor activation (Choi, 1987 (Choi, ,1992 Rajdev and Reynolds, 1994) . Moreover, our observations on spinal cord degeneration induced by NMDA in E7.5 chick embryos are comparable to those described previously by Stewart et al. (1991) in El1 chick embryos exposed to several different excitotoxins. Acute motoneuron degeneration and death induced by NMDA administration reflects a necrotic rather than an apoptotic type of cell death. NMDA treatment induces cellular swelling, intracytoplasmic vacuolization, and eventual disruption of the plasma membrane rather than cellular shrinkage, chromatin condensation, nuclear fragmentation, and other structural changes that characterize apoptotic cell death (Kerr et al., 1995 Schwann cells in dorsal roots, which surround nerve fibers arising from uninjured DRG neurons, did not undergo apoptosis after NMDA treatment.
The results obtained after P-Bgtx treatment strengthen this argument, because the anatomical distribution of apoptotic Schwann cells seen after the administration of this neurotoxin exactly matches the localization of damaged axons emerging from dying neurons. P-Bgtx is a neurotoxin isolated from the crude venom of Bungurus multicinctus, which has severe and complex presynaptic actions presumably mediated by its capacity to bind a presynaptic membrane protein and to alter potassium channels and also by its phospholipase A, activity (Lee and Ho, 1980; Esquerda et al., 1982; Rowan and Harvey, 1988) . In the chick embryo peripheral nervous system, the neurons damaged by this toxin were the same as those described by Pittman et al. (1978) ; i.e., both DRG neurons and LMC motoneurons were affected severely and acutely. Although the exact mechanism by which neurons are killed by P-Bgtx is still unknown, it is likely that cell bodies degenerate or are induced to undergo programmed cell death in response to an anterograde peripheral nerve degeneration starting at nerve endings, which are a major target of fi-Bgtx action. Acute toxin-induced nerve-terminal degeneration may drastically impair the uptake of target-derived neurotrophic factors that are essential for keeping developing neurons alive. This is consistent with the apoptotic morphology that we have observed in the DRG neurons, but not with the cytology of dying motoneurons in toxin-treated embryos. Perhaps because P-Bgtx has specific actions at cholinergic nerve terminals, a different mechanism may be responsible for motoneuron death by this neurotoxin. In any case, the main point in the context of the present work is that immature Schwann cells undergo apoptosis when the neurons with which they normally interact are lost after degeneration induced by either NMDA or P-Bgtx. Mirsky, 1992). Schwann cell precursors undergo apoptosis when cultured in the absence of putative survival factors that are present in neuron conditioned media (Jessen at al., 1994) . The so-called Schwann cell precursor is an early cell in the Schwann cell lineage present in El4 rat nerves. It is likely that most of the E7.5 chick embryo Schwann cells are homologous to El4 rat Schwann cell precursors because (1) both are susceptible to apoptosis after withdrawal of neuronal-derived influences and (2) the stage of morphological differentiation of peripheral nerves'in E7.5 chick embryos is comparable to that seen in El4 rat embryos. For example, in both species at these ages, myelin is not yet formed, and axons are in tightly packed bundles surrounded by Schwann cell processes (see Fig. 6 for chick embryo and compare with Jessen et al., 1994) . Because Schwann cell precursors may be rescued from death in vitro by neuron conditioned media or growth factors (Dong et al., 1995; Gavrilovic et al., 1995) , we have tested the ability of motoneuron conditioned medium or chick embryo tissue extracts to inhibit Schwann cell apoptosis in our NMDA paradigm. The negative results obtained here do not exclude the possibility that growth factors released from or contained on the surface of axons could act in vivo to regulate Schwann cell survival, because they may not be present in sufficient amounts in the extracts used in our study. Another possibility is that growth factor action may require direct cell-to-cell contact. For instance, axonal contact seems to modulate oligodendrocyte survival in transected rat optic nerve during development (David et al., 1984 ; also see Raff et al., 1993) , and cell contacts are also necessary for preventing apoptotic cell death in Drosophila glial cells (Sonnenfeld and Jacobs, 1995) .
Of the various growth factors that have been tested in vitro, only IGF, FGF, and NDF promote the survival of embryonic mammalian Figure 12 . Injection of P-Bgtx induces cell death in both dorsal root ganglion and lateral motor column neurons. a, Transverse paraffin section stained with thionin showing the massive death of dorsal root ganulion (drg) ventrolateral neurons 12 hr after a single intramuscular inj&ti& of B-Bgtx (100 ng) on E7 chick embryos. In b, a section of sninal cord from the same embryo in which the extensive spaces observed whhin the lateral motor column (lmc) were induced by the acute motoneuron loss, whereas some degenerating motoneurons can be observed as dark-stained profiles. Although the photos were taken at low magnification, some pyknotic Schwann cells can be identified in both dorsal (a, dr) and ventral (6, vr) nerve roots (arrowheads). Scale bar, 100 km.
Schwann cells (Dong et al., 1995; Gavrilovic et al., 1995) . GGF, another member of the neuregulin gene family, can rescue neonatal rat Schwarm cells at the neuromuscular junction from apoptotic cell death in vivo after axotomy (Trachtenberg and Thompson, 1996) , and a targeted mutation of the neuregulin gene in mice is reported to reduce the number of Schwann cells in the peripheral nerves of E10.5 embryos (Meyer and Birchmeier, 1995) . GGF is expressed in developing mouse embryo sensory neurons (DRG) and motoneurons as early as E11.5 (Marchionni et al., 1993) , a stage of development comparable to an E3-4 chick embryo, which is when we have observed the onset of programmed cell death of Schwamr cells in the present study. Studies are presently underway to determine whether neuregulins or other growth factors can rescue embryonic chicken Schwann cells from normal and neurotoxin-induced programmed cell death in vivo.
In conclusion, by using neurotoxins, we have defined a new model for studying Schwann cell apoptosis in vivo that may be useful in future studies for identifying and characterizing the normal signals that regulate survival and differentiation of peripheral glial cells.
